We have demonstrated a three-dimensional movable metamaterial (MM) with reconfigurable electric split-ring resonators (eSRR) at terahertz frequencies. This is accomplished by making planar arrays of eSRR with movable stress curved beams (eSRR-MSCBs) [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . With the aid of tunability, reconfigurable MM devices become feasible in many applications, such as sensors, switches, and filters [17] . Voltage variable capacitances have been generally used to achieve electronic tuning in resonators. Such variable capacitances, which contribute to the overall capacitance of the resonators, have been implemented by means of semiconductor diodes [5, 6] or by changing the surrounding media [7] [8] [9] . These tuning methods are often used to adjust the resonant frequency, which is highly dependent on the nonlinear properties of the nature material. However, the tuning ranges in the terahertz frequency are only 0.07 and 0.15 THz by means of semiconductor diodes [5, 6] and liquid crystal [8, 9] , respectively. These methods suffer from a limited tuning range as the variation of material properties of surrounding media is usually very small. Meanwhile, microelectromechanical systems (MEMS) technology has been well developed for the realization of three-dimensional (3D) movable micromechanical devices, hence providing an ideal platform to directly reconfigure unit cells [10] [11] [12] [13] [14] [15] [16] . MEMS-based MMs having bulk-micromachined unit cells demonstrate tunable characteristics because of variable in-plane gap [11] [12] [13] . This approach overcomes the limitations of changing MM composition.
Recently, electromagnetic metamaterials (MMs) have attracted considerable interest owing to their potential applications, such as high-resolution superlenses, invisibility cloaking devices, and perfect absorbers [1] [2] [3] . The realization of such extraordinary optical properties relies on the properties of MMs to create independently tailored electric and magnetic responses to incident radiation. Moreover, a unique property of terahertz waves is that they transmit through most nonaqueous and nonmetallic materials. Plenty of works on MMs have been performed in the terahertz frequency range and tunable terahertz MMs have also received significant attention because of their potential applications as MM devices [4] .
Currently, tunability of MMs using different structures to realize negative refractive index properties have been demonstrated by various fabrication technologies and optimized designs [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . With the aid of tunability, reconfigurable MM devices become feasible in many applications, such as sensors, switches, and filters [17] . Voltage variable capacitances have been generally used to achieve electronic tuning in resonators. Such variable capacitances, which contribute to the overall capacitance of the resonators, have been implemented by means of semiconductor diodes [5, 6] or by changing the surrounding media [7] [8] [9] . These tuning methods are often used to adjust the resonant frequency, which is highly dependent on the nonlinear properties of the nature material. However, the tuning ranges in the terahertz frequency are only 0.07 and 0.15 THz by means of semiconductor diodes [5, 6] and liquid crystal [8, 9] , respectively. These methods suffer from a limited tuning range as the variation of material properties of surrounding media is usually very small. Meanwhile, microelectromechanical systems (MEMS) technology has been well developed for the realization of three-dimensional (3D) movable micromechanical devices, hence providing an ideal platform to directly reconfigure unit cells [10] [11] [12] [13] [14] [15] [16] . MEMS-based MMs having bulk-micromachined unit cells demonstrate tunable characteristics because of variable in-plane gap [11] [12] [13] . This approach overcomes the limitations of changing MM composition.
In this Letter, we report a 3D movable MM and investigated its optical properties. Other than in-plane gap tuning mechanism within the unit cells [11] [12] [13] , we have also developed a tuning mechanism to actively control the MMs by changing the air gap between the metallic structures and the substrate. These 3D movable MMs were designed based on electric split-ring resonators with movable stress-curved beams (eSRR-MSCBs) and fabricated using surface micromachining. This fabrication process enables monolithic integration of tunable MMs with standard CMOS process.
Figure 1(a) shows the scanning electron microscopy (SEM) image of the eSRR array. The lattice parameters of an eSRR unit cell are indicated in Fig. 1(b) . The lattice constants are 130 μm along the x direction and 110 μm along the y direction. The gaps and line width of each beam within the eSRR unit cell are 4 μm. The area of a square unit cell is 88 μm × 88 μm. Surface micromachining is developed to demonstrate eSRR-MSCBs with out-of-plane motion capability as shown in Fig. 1(c) . First, SiO 2 thin film 100 nm thick was deposited and patterned on standard silicon wafer as an anchor for MSCBs. Second, an Al 2 O 3 thin film was deposited on surface by using atomic layer deposition 20 nm thick, and a stressed layer of Al was evaporated to 500 nm thick by physical vapor deposition. Finally, the device was patterned to open etching holes for releasing the structures. Then vapor hydrogen fluoride (VHF) was applied to release the MSCBs. Figure 1(d) shows the 3D schematic diagram of the MSCBs, which were connected to the anchor and can be simultaneously actuated downward from the original bending position (up state) to the snap-down position (down state). The eSRR-MSCBs have two inductive loops connected in parallel, in which the resonant frequency of the circuit model is ω LC 1∕ LC p c 0 ∕l ε C p d∕w p . Here, C ε 0 ε C wt∕d and L μ 0 l 2 ∕t are used for calculating the respective capacitance and inductance of the gap within the eSRR, where c 0 is the velocity of light in vacuum, w is the width of metal, d is the width of capacitor gap, t is the metal thickness, l is the size of the eSRR, ε 0 is the free space permittivity, and ε C is the relative permittivity of the materials in the capacitor gap [18] . A resonator was designed with four capacitor plates (the splits) which couple strongly to the electric field, while the inductive element (the frames of the loops) does not. Tunability of the resonant frequency of the eSRR-MSCBs can be achieved by replacing the fixed capacitor with six flexible cantilever beams; that is, the adjustable deflected shape of the cantilever beams will modify the capacitor.
The MSCBs curl upward because the Al 2 O 3 is under compressive residual stress while the Al film is under tensile residual stress. To actuate the MSCBs, a voltage is applied between the MSCBs and the substrate. Electrostatic force lowers the MSCBs from the up state to the down state. In Fig. 2 , the radius of curvature and bending height of MSCBs as a function of Al layer thickness is expressed by the equation [19] 1 R ΔT⋅α 2 − α 1
where subscripts 1 and 2 refer to Al 2 O 3 and Al materials, respectively; t is the thickness of thin films (t 1 20 nm and t 2 500 nm); E is the Young's modulus (E 1 530 GPa and E 2 70 GPa); α is the coefficient of thermal expansion (α 1 8.1 × 10 −6 K −1 , α 2 23.1× 10 −6 K −1 ); I is the area moment of inertia; A is the area of curved beam; and ΔT is the temperature difference within the fabrication process. After the eSRR-MSCB device is released by VHF, the bending height of the stressed beam is given by the equation h 2R sin 2 θ∕2 ∝ R ∝ t 2 . The radius of curvature and bending height are proportional to the thickness of the Al layer. This indicates that the MSCBs which have a thicker Al layer can achieve larger radius of curvature. The inset of Fig. 2 shows the schematic drawing of curved beams. The cantilever beam will be curved extremely if θ is exceeded 90°. Because the effective electrostatic force on AB is dominated than the one extremely curved on the top of AB, the θ is within the range of 0 ∼ 90°can effectively contribute on the electrostatic force. Thus, the maximum bending height of the cantilever beam is considered as R. Here, we chose the thickness of the Al layer to be 500 nm. The inset SEM image of Fig. 2 shows the radius of curvature of MSCBs and bending height are 320 and 8 μm, respectively, which are comparable with the modeling results.
To understand the optical properties of the device, 3D finite difference time domain (FDTD) calculations were carried out using software package FDTD solutions to calculate the transmission spectra and the entire electric and magnetic field strength distribution. Figure 3 shows the simulated (red curves) and measured (black curves) transmission spectra of eSRR-MSCBs at 0, 5, and 10 V DC bias, respectively, for both TE and TM polarized incidence. Those transmission spectra were extrapolated and normalized from the ratio of the Fourier-transformed amplitude spectra of the sample to the reference, which is a blank slab identical to the substrate. A terahertz time domain spectroscopy was employed for the optical characterization of the fabricated 3D movable MMs when the gap between the eSRR-MSCBs and the substrate changes. In Figs. 3(a)-3(c) , there is one resonant peak being transmitted through the eSRR-MSCBs. The spectral peak was shifted from 0.51 THz [ Fig. 3(a) ] via 0.63 THz [ Fig. 3(b) ] to 0.73 THz [ Fig. 3(c) ] when actuated from initial state (0 V DC bias) to downward states (5 and 10 V DC bias). The electric field is along the x direction and the corresponding electric field distributions are shown in the inset of Figs. 3(a)-3(c) . The spectrum of the device has one resonant peak due to the electric field that is perpendicular to the four capacitor plates being coupled to the capacitive elements, which resulted in a transmission peak. On the contrary, the TE polarized incidence has two resonant peaks as shown in Figs. 3(d)-3(f) . The two resonant peaks of eSRR-MSCBs were blueshifted by 0.03 THz (peak 1) and 0.13 THz (peak 2) when compared with the device without driving voltage [0 V DC bias, Fig. 3(d) ] to pull-in voltage [10 V DV bias, Fig. 3  (f) ]. That electric field is along the y direction while the corresponding electric field distributions are shown in the inset of Figs. 3(d)-3(f) . These two resonant peaks are originated from these two current loops. This indicates that reconfigurable and movable 3D MMs can be achieved by adjusting the gap between the MSCBs and substrate. Such tunable ranges for TM and TE polarized incidence are 0.22 and 0.13 THz, respectively. They are comparable with those reported in literature that used MEMS-based MMs [10-13] but did not effectively overcome the limitations by means of semiconductor diodes [5, 6] and liquid crystal [8, 9] owing to the air gap of eSRRMSCBs between the metallic structures and the substrate not being large enough. The effective improvement method can increase the thickness of the Al or Al 2 O 3 layer for larger bending height of MSCBs referred to in the modeling results in Fig. 2 . Furthermore, the intensity ratio of the first and second resonant frequency of eSRRMSCBs for TE polarized incidence is increased 2.50-fold and 1.25-fold operated at 10 V DC bias compared to the device without and 5 V DC bias, respectively. The first and second resonant frequency of eSRR-MSCBs can be shifted from 0.23 to 0.26 THz and 0.81 to 0.94 THz; that is, the tuning range is 0.03 and 0.13 THz for the first and second peak, respectively.
In conclusion, a 3D movable MM is demonstrated along with active control of tunable THz filter by using MSCBs to adjust the gap between metallic eSRR structures and substrate. Although the tuning range of resonant peaks for TM and TE polarized incidence are only 0.22 and 0.13 THz, respectively, the variation of first and second peaks for transmission intensity at TE mode is enhanced 2.50-fold. This device will not only promise practical applications in polarization control of light, but it may also be implemented in optical filter and sensor applications. The optimization of 3D movable MMs at specific wavelengths can be made based on the relation of capacitance and inductance, which are proportional to the size of MMs. Furthermore, the large radius of curvature and small gap between MSCBs and substrate resulted in small driving DC bias. However, the small gap will restrict the tunable range of eSRR-MSCBs, resulting in a trade-off between the driving voltage and tunable range of eSRR-MSCBs. Therefore, an optimized design with desirable operation voltage, that is, DC bias, and enlarged tuning range could be conceptualized and developed upon the application needs in the future.
